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During the 2009 H1N1 influenza virus pandemic (pdmH1N1) outbreak, it was found that most individuals lacked antibodies
against the new pdmH1N1 virus, and only the elderly showed anti-hemagglutinin (anti-HA) antibodies that were cross-reactive
with the new strains. Different studies have demonstrated that prior contact with the virus can confer protection against strains
with some degree of dissimilarity; however, this has not been sufficiently explored within the context of a pdmH1N1 virus infec-
tion. In this study, we have found that a first infection with the A/Brisbane/59/2007 virus strain confers heterologous protection
in ferrets and mice against a subsequent pdmH1N1 (A/Mexico/4108/2009) virus infection through a cross-reactive but non-
neutralizing antibody mechanism. Heterologous immunity is abrogated in B cell-deficient mice but maintained in CD8�/� and
perforin-1�/� mice. We identified cross-reactive antibodies from A/Brisbane/59/2007 sera that recognize non-HA epitopes in
pdmH1N1 virus. Passive serum transfer showed that cross-reactive sH1N1-induced antibodies conferred protection in naive
recipient mice during pdmH1N1 virus challenge. The presence or absence of anti-HA antibodies, therefore, is not the sole indi-
cator of the effectiveness of protective cross-reactive antibody immunity. Measurement of additional antibody repertoires tar-
geting the non-HA antigens of influenza virus should be taken into consideration in assessing protection and immunization
strategies. We propose that preexisting cross-protective non-HA antibody immunity may have had an overall protective effect
during the 2009 pdmH1N1 outbreak, thereby reducing disease severity in human infections.

The novel swine-origin influenza A H1N1 virus was identified
as the cause of human respiratory disease in Mexico and the

United States in April 2009 (2, 4). This virus was later desig-
nated as the pandemic H1N1 2009 virus (pdmH1N1). The
emerging virus spread throughout the world and prompted the
World Health Organization (WHO) to declare the pandemic
alert to level 6 on 11 June 2009 (1). The virus infected millions
of people, and at least 14,711 deaths were reported worldwide
by 29 January 2010 (5).

Vaccination is a critical intervention intended to diminish the
spread of influenza virus and reduce the symptom severity in the
infected individuals. Given that pdmH1N1 virus is antigenically
and genetically different from previously circulating seasonal
H1N1 (sH1N1) influenza virus (15), vaccines that are based on
sH1N1 antigens are unlikely to provide cross-reactivity to the
pdmH1N1 virus (3). Thus, monovalent pdmH1N1 vaccines have
been produced since the emergence of the new influenza virus
strains and they are able to achieve seroprotection rates of ca. 85%
(8, 28).

Serological analyses performed in prepandemic human se-
rum samples showed that cross-neutralizing antibodies against
pdmH1N1 virus were present in the elderly population but not in
children and young adults (18, 21, 32). These antibodies are pos-
sibly a consequence of previous exposure to older viruses that
were antigenically related to pdmH1N1 virus (31, 38), and their
presence may explain the overall low symptom severity that was
observed among the elderly during the 2009 pandemic (7, 32).

Furthermore, several studies in animal models have demonstrated
that a prior infection with sH1N1 virus is able to provide substan-
tial protection against pdmH1N1 virus infection (12, 13, 23, 27);
cross-reactive CD8 and CD4 T cell responses against pdmH1N1
viruses were detected, indicating that a substantial fraction of the
T cell epitopes is conserved between sH1N1 and pdmH1N1 vi-
ruses (39, 40). Also, B cell responses can provide extensive cross-
protection against drifted influenza virus strains (41).

In the present study, we have found that a first infection with
sH1N1 A/Brisbane/59/2007 virus confers heterologous protection
in ferrets and mice against a subsequent challenge with pdmH1N1
A/Mexico/4108/2009 virus through a cross-reactive but non-
neutralizing antibody mechanism. Heterologous immunity is
heavily diminished in B cell-deficient mice but maintained in
CD8�/� and perforin-1�/� (Prf1�/�) mice. We identified cross-
reactive antibodies from A/Brisbane/59/2007 sera that recognize
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non-hemagglutinin (HA) epitopes from the pdmH1N1 virus.
Moreover, passive transfer of cross-reactive antibodies induced by
sH1N1 virus infection provided substantial protection against
pdmH1N1 virus challenge in naive recipient mice. Our study in-
dicates that sH1N1 virus primary infection induced preexisting
non-HA antibodies and/or memory B cells, and they are essential
for providing cross-protective immunity against a subsequent
pdmH1N1 virus challenge in animal models. Assuming that hu-
man immune responses will show an analogous behavior during a
heterologous reinfection, we propose that previous encounters
with sH1N1 virus exerted an overall protective effect in the human
population during the 2009 pandemic.

MATERIALS AND METHODS
Animals and viruses. Male ferrets 4 to 6 months old were purchased from
Marshall Bioresources (New York, NY), and they were proven to be sero-
negative against different influenza virus strains. Pathogen-free C57BL/6,
CD8 T cell-deficient strain Cd8atm1Mak/J (CD8�/�) mice, immunoglob-
ulin � heavy-chain mutant strain Ighmtm1Cgn/J (�MT) mice, and
perforin-1-deficient strain Prf1tm1sdz/J (Prf1�/�) mice (8 to 10 weeks of
age) were purchased from Jackson Laboratory (Bar Harbor, ME). Exper-
iments with ferrets and mice were conducted at the Animal Resources
Centre of University Health Network (UHN; Toronto, Canada) under
BSL-2� conditions and in accordance with the Canadian Council of An-
imal Care guidelines. The animal use protocols were approved by the
Animal Care Committee of UHN. All viruses were obtained from U.S.
Centers for Disease Control (Atlanta, GA) and grown in the allantoic
cavity of 10-day-old embryonated chicken eggs. The virus titer, expressed
as the 50% egg infective dose (EID50)/ml, was calculated by serially titrat-
ing the virus on chicken eggs according to the Reed-Muench method. The
A/California/07/2009 virion was split by Triton X-100 and inactivated by
formaldehyde at 4°C overnight. The split viral components were then
collected by high-speed centrifugation and diluted in phosphate-buffered
saline (PBS). The resulting split virus contains all of the structural proteins
such as HA, neuraminidase (NA), nucleoprotein (NP), and matrix pro-
tein (M). Specifically, we determined the presence of HA and NP by
enzyme-linked immunosorbent assay (ELISA).

Seasonal H1N1 virus (sH1N1) primary infection and pandemic
H1N1 virus (pdmH1N1) secondary challenge. To evaluate the cross-
protection provided by human seasonal H1N1 virus primary infection,
naive ferrets, C57BL/J mice and mutant mice were infected by 106 EID50

of A/Brisbane/59/2007 intranasally (i.n.). The clinical signs were moni-
tored daily postinfection. Ferrets and mice were rechallenged 4 to 5
weeks after the first infection with sH1N1; a similar period of time
between the first and the second infection has been used in other
studies (17, 25, 27, 34).

Ferrets were challenged by pdmH1N1 virus at week 4 postvaccination
or primary infection. Animals were moved at least 4 days prior to infection
to the BSL-2 animal holding area, where they were housed in cages con-
tained in Bioclean portable laminar flow clean room enclosures (Lab
Products, Seaford, DE). Prior to infection, baseline temperatures and
weights were measured once daily for at least 3 days. Ferrets were anes-
thetized with 5% isoflurane and infected i.n. with a total of 1 ml of 106

EID50 of the A/Mexico/4108/2009 or A/California/07/2009 virus strain
per ml in PBS delivered to the nostrils. Temperatures were measured daily
using a subcutaneous implantable temperature transponder (BioMedic
Data Systems, Inc., Seaford, DE). Clinical signs in terms of temperature
change, weight loss, nasal discharge, and inactivity were recorded daily
postinfection as described previously (14).

In our mouse study, seasonal virus-infected wild-type (WT) C57BL/6
mice, mutant mice, and uninfected WT mice were challenged with 105

EID50 of A/Mexico/4108/2009 virus at week 5 after primary infection. The
body weights were monitored once daily, and mice were humanely eutha-
nized when losing 20% or more of their original weights.

Viral load assay in nasal wash samples and lung tissue. Ferret nasal
wash samples and mouse lung tissue were collected after pdmH1N1 virus
infection. Dissected lung tissue was homogenized in Dulbecco modified
Eagle medium by 1:10 (wt/vol) and then centrifuged at 3,000 rpm for 15
min to collect the supernatant. The viral load in nasal wash and lung
homogenate samples was determined by using a 6-day MDCK cell
culture-based assay as described in our previous study (14). The virus
titer, expressed as the 50% tissue culture infective dose (TCID50)/ml from
each nasal wash sample, was calculated according to the Reed-Muench
method.

Histopathology. Lung tissue collected from the infected animals was
perfused and fixed in 10% formalin and then paraffin embedded. Tissue
section was placed on a positive charged slide and stained with hematox-
ylin and eosin (H&E) for histopathologic examination.

Hemagglutination inhibition (HI) test. Serum samples were treated
with receptor-destroying enzyme (RDE) at 37°C overnight. Fresh turkey
red blood cells (TRBC) were washed and diluted in PBS to a concentration
of 0.5% (vol/vol). The sera were serially diluted in PBS in 96-well
V-bottom cell culture plates. The serially diluted sera were incubated with
25 �l (8 HA U/50 �l) virus for 15 min. Then, 50 �l of 0.5% TRBC was
added, and the plates were incubated at room temperature for 30 min. The
hemagglutination inhibition (HI) titer was the reciprocal of the highest
serum dilution to completely prevent agglutination.

MN assay. The serum-neutralizing antibodies were determined by
using the pdmH1N1 A/Mexico/4108/2009 (H1N1) virus by microneu-
tralization (MN) assay described previously (14). Briefly, the TCID50 of
each virus was determined by titration in MDCK cells under biosafety
level 2 conditions. The serially 2-fold-diluted RDE-treated serum at a
starting dilution of 1:10 was tested for neutralizing 100 TCID50 of each
virus/50 �l in an MDCK cell monolayer. The cytopathic effect was deter-
mined after incubation for 20 h.

ELISA. Serum and lung homogenate samples were assessed for anti-
body level by ELISA. Briefly, ELISA plates were coated with inactivated
split pandemic H1N1 A/California/07/2009 virus (5 �g of HA/ml), re-
combinant H1N1 virus (seasonal H1N1 A/Bribane/59/2007 virus, pan-
demic H1N1 virus A/California/07/2009; Sino Biological, Inc., China) HA
(5 �g/ml), or recombinant H1N1 virus (A/Puerto Rico/8/34) NP (5 �g/
ml) overnight at 4°C. The plates were washed with PBS containing 0.05%
Tween 20 (T-PBS) and blocked with 1% bovine serum albumin for 1 h at
37°C. Antigen-coated plates were washed with T-PBS and incubated with
1:1,000-diluted samples overnight at 4°C. After washing with T-PBS, the
plates were incubated with goat anti-mouse immunoglobulin (IgG, IgG1,
IgG2a, and IgA) horseradish peroxidase (HRP) conjugates (Santa Cruz)
in a 1:2,000 dilution for 1 h at 37°C. The reaction was developed by
o-phenylenediamine, and the optical density was read by using excitation
and emission wavelengths of 490 and 570 nm, respectively. The IgG1 and
IgG2a standard curves generated by plotting the density readout, and the
serially diluted amounts of protein standard were used for calculating the
concentration of samples.

Western blotting. The boiled recombinant sH1N1 HA, pdmH1N1
HA, conservative H1N1 NP, and pdmH1N1 M1 (A/California/04/2009;
Immune Technology Corp.) protein was equally loaded (0.5 �g/lane) and
subjected to SDS–12% PAGE. The gels were subsequently transferred
onto nitrocellulose membrane for 1 h at 100 V. The membrane was
blocked with 5% milk–T-PBS for 45 min at room temperature and then
incubated with 1:1,000-diluted serum samples (developed by the Kelvin
laboratory) overnight at 4°C, followed by HRP-conjugated goat anti-
mouse secondary antibody incubation. The bands were developed with a
BM chemiluminescence Western blotting substrate kit (Roche Diagnos-
tics, Laval, Quebec, Canada) and visualized using Kodak film developer.

Enrichment of lymphocytes from the lung and spleen. Methods lym-
phocyte enrichment have been described in previously published studies
(29, 30). In brief, after lung tissue was collected, it was cut into small pieces
and then mechanically homogenized into RPMI 1640 medium. The sus-
pension was passed though 40-�m-pore-size nylon mesh filter to remove
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major tissue fragments and fibroblasts. The filtered clear suspension was
placed onto a mouse Lympholyte (Cedarlane) layer and centrifuged at
1,600 rpm for 20 min. The lymphocyte band was collected and washed
three times with PBS before use.

Lymphocytes from spleen were also enriched in a mechanical way. The
filtered cell suspension was treated with red blood cell lysate buffer and
then washed three times with PBS to generate a single cell suspension.

Flow cytometry analysis. Lung lymphocytes and splenocytes isolated
after pdmH1N1 virus infection were analyzed for T cell and B cell activa-
tion and/or memory phenotype by staining with mouse anti-CD3, anti-
CD8, anti-CD44, anti-CD19, anti-CD69, and anti-CD27 antibodies
(eBioscience). After staining, the samples were run through a BD
FACSCalibur (BD Biosciences), and the data were analyzed by using
FlowJo software (TreeStar).

Lymphocyte in vitro stimulation and intracellular staining. For
gamma interferon (IFN-�) intracellular staining, isolated lung lympho-
cytes and splenocytes at a concentration of 106 cells/ml were cultured with
live A/Mexico/4108/2009 or A/Brisbane/59/2007 virus in complete RPMI
1640 medium at 37°C and 5% CO2 for 10 h. To minimize the indirect
manner of IFN-� stimulation by live virus, a low multiplicity of infection
(MOI) of 0.1 was used for the ex vivo cell coculture. After stimulation, cells
were washed by 1� PBS and stained with mouse anti-CD3 and anti-CD8
antibody. After surface staining, the cells were fixed and permeabilized
before staining with IFN-� antibody. Samples were run on a BD
FACSCalibur (BD Biosciences), and the data were analyzed by using
FlowJo software.

Analysis and comparison of B cell epitope sequences. Predicted B cell
linear epitopes toward HA, NA, NP, and matrix protein 1 (M1) of A/Bris-
bane/59/2007 and A/Mexico/4108/2009 were generated by using a Kolas-
kar and Tongaonkar antigenicity scale (24) from the IEDB analysis
resources (http://tools.immuneepitope.org/main/). The similarity of pre-
dicted B cell epitope sequences of influenza virus antigens from the two
influenza viruses was evaluated by using the IEBD epitope conservancy
analysis tool.

Serum passive transfer. Ferret serum was collected 14 days after in-
fection with A/Brisbane/59/2007 or A/Mexico/4108/2009 virus; the pres-
ence of moderate to high HI titers against the same virus strain was con-
firmed to assure the validity of the infections. Also, serum collected from
naive ferrets was used as a negative control. Naive mice received 200 �l of
serum by intraperitoneal injection daily from day �3 to day 0 before
infection with 105 EID50 of A/Mexico/4108/2009 virus. After infection,
the mice were monitored daily for weight loss and lethality.

Statistics. The Student t test and one-way analysis of variance were
used for statistical analysis of the results. A log-rank (Mantel-Cox) test was
used to analyze the difference among survival curves. A P value of �0.05
was considered significant.

RESULTS AND DISCUSSION

In order to investigate whether a prior infection with sH1N1 virus
is able to induce protection against a secondary challenge with
pdmH1N1, ferrets were infected with 106 EID50 of sH1N1 A/Bris-
bane/59/2007 (Brisbane/59) virus and subsequently challenged
with 106 EID50 of pdmH1N1 A/Mexico/4108 virus (Mexico/
4108). Ferrets infected with sH1N1 virus only developed mild
clinical symptoms. Ferrets showed increased temperature only at
day 2 postinfection and a maximum weight loss of 3.9%; the clin-
ical findings were very similar to those shown in a previous work
published by our group, which included a more extensive patho-
logical evaluation of ferrets infected with A/Brisbane/59/2007
(35). In the present study, serological assays demonstrated that
Brisbane/59 virus primary-infected animals had neither cross-
reactive HI titers nor cross-neutralizing antibodies against
pdmH1N1 virus before challenge (Fig. 1A and B). Nonetheless, we
found that the primary infection with sH1N1 virus in ferrets con-

ferred robust protection against a secondary infection with either
pdmH1N1 Mexico/4108 or A/California/07/2009 virus (Fig. 1C
and D; see Fig. S1 in the supplemental material). The immunity
induced by Brisbane/59 virus infection dramatically reduced the
disease severity in ferrets, in terms of weight loss, temperature
change, viral load, and lung pathology (Fig. 1C to E; see Fig. S2A in
the supplemental material). Furthermore, we demonstrated the
same protective effect in C57BL/6 mice. Mice infected with 106

EID50 of Brisbane/59 showed a slight weight loss of maximal 3.1%
without lethality and, during a second challenge with 105 EID50 of
Mexico/4108 virus, a significant reduction in the disease severity
was observed. sH1N1 virus primary-infected mice showed a peak
of 12% weight loss on day 4 postinfection with no mortality (Fig.
2A and B), while the pdmH1N1-only infection group showed
95% mortality, significantly higher virus titers in lungs, and also
extensive lung pathology characterized by acute alveolitis and
bronchiolitis (Fig. 2A to C; see Fig. S2B in the supplemental ma-
terial). Taken together, these results demonstrate that prior infec-
tion with sH1N1 virus confers protection against pdmH1N1 vi-
rus. On the other hand, we found that immunization with a
seasonal vaccine was of little value in providing cross-protection
against pdmH1N1 virus (see Fig. S4 in the supplemental mate-
rial), confirming previous results (12).

We next evaluated the antibody responses that were generated
after influenza virus infection in mice. First, HI titers showed that
antibodies induced by Brisbane/59 infection were not cross-
reactive with Mexico/4108 (Fig. 3A). The Western blot analysis
also showed that anti-HA IgG1 and IgG2a antibodies are influenza
virus strain specific; Brisbane/59 virus-infected animals showed
only anti-Brisbane HA antibodies, whereas Mexico/4108-infected
animals showed only anti-pdmH1N1 HA antibodies (Fig. 3B).
Although anti-Brisbane HA antibodies were highly increased in
Brisbane/59 virus primary-infected mice at day 4 after heterolo-
gous virus challenge (Fig. 3B), no antibodies against pdmH1N1
HA were seen at this time point (Fig. 3A and B). These results
confirm that neutralizing antibodies against the external influenza
virus antigens HA are highly specific against closely related influ-
enza virus strains (10).

Antibodies targeting the internal viral proteins also represent a
major component of the antibody repertoires (16). Given that
different putative B cell epitopes of the internal proteins are highly
conserved between the Brisbane/59 and Mexico/4108 viruses (see
Table S1 in the supplemental material), we analyzed the presence
of cross-reactive antibodies against split pdmH1N1 virus by
ELISA. We found that cross-reactive IgG1 and IgG2a antibodies
against split pdmH1N1 virus were elevated in Brisbane/59 virus-
infected mice (Fig. 3C), and it was after homologous infection that
higher antibody titers were observed (Fig. 3C). Moreover, IgG1
antibodies against split pdmH1N1 virus in Brisbane/59 virus
primary-infected mice were significantly increased at day 4 after
pdmH1N1 virus secondary infection (Fig. 3C). On the other hand,
the viral NP also showed high antigenic similarity between the
sH1N1 and pdmH1N1 viruses (see Table S1 in the supplemental
material); detection of anti-NP antibodies in serum was carried
out by using recombinant NP from PR8 virus, which shows 91%
similarity with NP from pdmH1N1. ELISA and Western blot anal-
yses showed that anti-NP IgG1 and IgG2a antibodies were in-
duced during the infection with either Brisbane/59 or Mexico/
4108 virus (Fig. 3D and E), and they were preferentially stimulated
toward to the IgG1 isotype (Fig. 3D and E). Next, we examined the
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presence of antibodies targeted against the M1 antigen by using
recombinant M1 protein from pdmH1N1 A/California/04/2009
virus. Serum from Brisbane/59 virus-infected mice showed less
than one-half of the band intensity compared to serum from

pdmH1N1 virus-infected mice, suggesting that anti-M1 IgG anti-
bodies are only partially cross-reactive between sH1N1 and
pdmH1N1 viruses (Fig. 3F). Taken together, the presence of anti-
bodies reactive against split pdmH1N1 virus, viral NP, and also

FIG 1 Evaluation of antibody response, clinical signs, and virus titer for seasonal H1N1 virus primary-infected ferrets following secondary infection with
A/Mexico/4108/2009 virus. Ferrets were primary infected with 106 EID50 of A/Brisbane/59/2007 virus or left uninfected as control. Purified serum was treated by
RDE at 37°C overnight before HI and microneutralization (MN) assays. (A) Antibody titers against pdmH1N1 virus in A/Brisbane/59/2007 virus-infected ferret
(Bris/59�Mex/4108) serum samples, as well as uninfected ferret serum samples (n � 4) collected at days 0 and 14 after pdmH1N1 virus secondary infection were
measured by HI assay. (B) Neutralizing antibody titers for blocking pdmH1N1 virus were measured by MN assay in the same serum samples investigated by HI
test. (C and D) Weight loss (C) and body temperature (D) changes were determined daily for the respective groups (n � 8/group) after the secondary infection
with 106 EID50 doses of A/Mexico/4108/2009 virus. The data points represent mean values, and error bars demonstrate standard errors of the mean. (E) The viral
load in ferret nasal wash samples (n � 4) collected at day 3 after pdmH1N1 virus infection was determined. Horizontal bars demonstrate mean values. �, P � 0.05;
���, P � 0.001; LOD, limit of detection.
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viral M1 to a lesser extent prove that the primary infection with
Brisbane/59 virus induces the production of cross-reactive anti-
bodies against the conservative viral antigens; these cross-reactive
antibodies may partially account for the in vivo protection that is
induced by a previous exposure to sH1N1 virus (Fig. 2). Although
HI titers and levels of neutralizing antibodies are still useful indi-
cators of specific immunity against influenza, the measurement of
the cross-reactive antibodies against the internal viral antigens
may provide a global picture of the overall cross-protective immu-
nity during a heterologous virus infection.

The levels of specific antibodies in the infected tissues correlate
well with the level of protection against secondary infections (20).
Upon a heterologous infection, we were able to detect the presence
of cross-reactive antibodies in the lungs, showing an expression
pattern similar to the one found in the sera (see Fig. S3 in the
supplemental material), except for the higher levels of IgA anti-
bodies that were detected at the site of infection. These results are
consistent with a role that local antibody responses play during the
resolution of influenza virus infections (20).

Apart from inducing high titers of cross-reactive antibodies,
prior infection with influenza Brisbane/59 virus also influenced
the cellular response kinetics during the subsequent heterologous

infection with Mexico/4108 virus. Cross-reactive memory/effec-
tor CD8� CD44high T cells, as well as CD8� IFN-�� T cells, were
significantly increased in enriched lung lymphocytes (Fig. 4A and
B) and splenocytes (data not shown) of Brisbane/59 virus
primary-infected mice during pdmH1N1 virus rechallenge. We
also observed significantly increased percentages of activated B
cells (CD19� CD69�) and memory B cells (CD19� CD27�) in the
lungs of primary-infected mice which showed limited viral shed-
ding at day 4 after pdmH1N1 virus infection (Fig. 4C and D; Fig.
2C), nevertheless, it is possible that the higher levels of B cells
observed during the reinfection may be due partially to remaining
cells that were induced during the primary infection. Taken col-
lectively, these results indicate that sH1N1 virus primary infection
induces cross-reactive memory T cells and B cells, resulting in
enhanced local immune responses during the second infection.

In order to further evaluate the importance of B cell and cyto-
toxic T cell responses in heterotypic immunity, B cell-deficient
(�MT), CD8-deficient, and Prf1-deficient mice were infected first
with Brisbane/59 virus and 5 weeks later challenged with Mexico/
4108 virus. As mentioned above, primary infection with Bris-
bane/59 virus conferred immunological protection in WT mice
during heterologous reinfection with Mexico/4108 virus (Fig. 2).

FIG 2 Assessment of infection outcome and virus titer for seasonal H1N1 virus primary-infected mice after secondary infection with A/Mexico/4108/2009 virus.
C57BL/6 mice were primary infected with 106 EID50 of A/Brisbane/59/2007 virus or left uninfected as control. Five weeks later, the mice were rechallenged with
105 EID50 of A/Mexico/4108/2009 virus. (A and B) The weight loss (A) and lethality (B) of A/Brisbane/59/2007 virus-infected C57BL/6 mice and uninfected
C57BL/6 mice (n � 20/group) were monitored after pdmH1N1 virus secondary infection. Comparison of survival curves was analyzed by a log-rank (Mantel-
Cox) test. Only one mouse (n � 1) survived among the primary uninfected group mice after pdmH1N1 virus infection. (C) The viral load in mice lung tissue
samples (n � 3) collected at day 4 after pdmH1N1 virus challenge was determined. Horizontal bars demonstrate mean values. ���, P � 0.001; LOD, limit of
detection in viral load assay.
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However, B cell-deficient mice showed 90% lethality, as well as a
high level of lung virus titers similar to those found in the group of
naive mice infected with Mexico/4108 virus (Fig. 5A). This result
indicates that the protection induced by Brisbane/59 virus pri-

mary infection significantly relies on the presence of B lympho-
cytes. Interestingly, CD8-deficient and WT mice infected with
sH1N1 virus showed similar patterns of weight loss during Mexi-
co/4108 virus reinfection (data not shown), and 100% of the CD8-

FIG 3 Evaluation of cross-reactive activity of antibodies induced by human seasonal H1N1 virus in mice. Mouse anti-pdmH1N1 sera (collected at day 14 after
a sublethal infection with A/Mexico/4108/2009), anti-Brisbane/59 sera, sH1N1 virus primary-infected mice sera collected at day 4 after pdmH1N1 virus challenge
(Bris/59�Mex/4108 day 4 P.R.), and primary uninfected mice sera collected at day 4 after pdmH1N1 virus challenge (naive�Mex/4108 day 4 P.R.) were assessed
for antibody responses. (A) HI test was performed for assessing Brisbane/59 or pdmH1N1 virus-specific HI titers. (B) Mice sera were evaluated for cross-reactive
IgG1 and IgG2a antibodies against recombinant sH1N1 HA (s-HA) and pdmH1N1 HA (p-HA) by Western blotting. (C and D) Cross-reactive IgG1 and IgG2a
antibodies against (C) split pdmH1N1 and (D) recombinant H1N1 NP (A/Puerto Rico/8/34) were analyzed by ELISA. (E) Isotype IgG antibodies against H1N1
NP in mice sera were evaluated by Western blotting. (F) Total IgG antibodies against recombinant pdmH1N1 (A/California/04/2009) M1 (p-M1) protein in mice
sera were evaluated by Western blotting. The average relative absorbance density from three individual samples was read by using excitation and emission
wavelengths of 490 and 570 nm, respectively. The concentrations of IgG isotype antibodies were then calculated based on the linear standard curve. The result of
a representative sample is shown in the Western blot. ND, not detected; NS, not significant; �, P � 0.05; ��, P � 0.01, ���; P � 0.001; LOD, limit of detection in HI
assay.
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FIG 4 Evaluation of cross-responsive CD8 T cells and B cells in the lungs of seasonal H1N1 virus primary-infected mice after pdmH1N1 virus rechallenge.
Lymphocytes were enriched from seasonal virus primary-infected and uninfected mouse lung tissue (n � 3/group) at days 4 and 7 after pdmH1N1 virus
secondary infection. (A) Analyses of the memory/effector phenotype CD8 T cell (CD8� CD44high) response in mouse lung lymphocytes by flow cytometry. (B)
Antigen-specific CD8� IFN-�� T cell in mouse lung lymphocytes was determined by flow cytometry (dot plot figures of a representative sample are shown in
upper panel). The total number of antigen-specific CD8� IFN-�� T cells in mouse lung lymphocytes is shown in the lower panel. (C and D) Percentages of
activated B cells (CD19� CD69�) (C) and memory phenotype B cells (CD19� CD27�) (D) in lungs collected from primary-infected and uninfected mice (n �
3/group) at day 4 after pdmH1N1 virus secondary infection were measured by flow cytometry. �, P � 0.05; ��, P � 0.01.
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deficient mice survived pdmH1N1 virus rechallenge (Fig. 5B).
Therefore, the lack of CD8 T cells is not detrimental for the induc-
tion of cross-protective immunity (Fig. 5D). Moreover, we found
that cross-protective immunity was not affected by the impair-
ment of granzyme/perforin-mediated cytotoxic response. During
secondary infection with Mexico/4108 virus, both Prf1-deficient
and WT mice primary infected with Brisbane/59 virus showed
100% survival and had similar levels of viral shedding in lungs
(Fig. 5C and D).

In order to assess the capacity of preexisting antibodies to con-
fer protection during a heterologous rechallenge, serum from na-
ive ferrets or previously infected with sH1N1 or pdmH1N1 virus
was passively transferred to naive mice from day �3 to day 0
before pdmH1N1 virus infection. As expected, the sera from naive
ferrets was unable to alter the course of the infection in mice (Ta-
ble 1). Ferret anti-Mexico/4108 virus serum was able to confer
protection in naive mice against pdmH1N1 virus infection with-
out showing any significant weight loss (Table 1). Interestingly,
ferret anti-Brisbane/59 serum, which showed no cross-reactive HI
titers against pdmH1N1 virus, was capable of significantly reduc-
ing weight loss and resulted in the rescue of 90% of the naive
recipient mice from pdmH1N1 virus infection (Table 1). These

results confirm that high levels of neutralizing antibodies are re-
quired to achieve the maximum level of protection but, at the
same time, the cross-reactive non-HA, and possibly non-
neutralizing antibodies can also play an important protective role
in the absence of HI titers (25).

FIG 5 Mortality and virus titer assessment of primary-infected mutant mice after pdmH1N1 virus rechallenge. Mice were primary infected with 106 EID50 of
A/Brisbane/50/2007 virus and 5 weeks later challenged with 105 EID50 of A/Mexico/4108 virus. The lethalities of primary-infected B cell-deficient (�MT) mice
(A), primary-infected CD8 T cell-deficient (CD8�/�) mice (B), and primary-infected perforin-1-deficient (Prf1�/�) mice (C) (n � 20/group) were monitored
after pdmH1N1 virus secondary infection. Primary-infected WT C57BL/6 mice and primary-uninfected WT C57BL/6 mice (n � 20/group) were used as positive
and negative controls, respectively, in the study. Comparison of survival curves was analyzed by log-rank (Mantel-Cox) test. (D) Virus titer in lungs (n � 3)
collected at day 4 after pdmH1N1 virus secondary infection. The virus titer was calculated by the Reed-Muench method and is expressed as the TCID50/ml.
Horizontal bars demonstrate mean value. ��, P � 0.01; ���, P � 0.001; LOD, limit of detection in viral load assay.

TABLE 1 Outcome of pdmH1N1 virus infection in mice treated with
ferret anti-influenza virus seruma

Donor ferret
anti-influenza
virus serum

HI titer against:

% Wt loss
(day)b of
treated
mice

Lethality (%)
in treated
micec

sH1N1 virus
in donor
serum

pdmH1N1
virus in
donor
serum

Anti-Mex/4108 �10 1,280 0.6 (6) 0*
Anti-Bris/59 1,280 �10 8.2 (7) 10*
Naive �10 �10 22.9 (9) 100
a Ferret anti-influenza virus serum was intraperitoneally injected into naive mice (10
mice/group) daily from day �3 to day 0 before infection with 105 EID50 of the
A/Mexico/4108/2009 virus strain.
b That is, the day of peak weight loss postchallenge from the original weight.
c *, P � 0.001 (log-rank sum test compared to the group treated with serum from a
naive ferret).
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Although many studies have tried to establish the relative con-
tribution of antibodies and cytotoxic responses in the immunity
against influenza virus infection, the answer is still not clear-cut,
and the experimental variables of each study need to be carefully
considered. In the context of heterologous immunity, our results
showed that efficient antibody production was required to achieve
protection in mice, this protection was not ameliorated in CD8-
deficient or perforin-deficient mice, and passive transfer serum
was able to confer heterologous protection. An analogous sce-
nario was observed by Nguyen et al. in the context of heterosub-
typic immunity (first H3N1virus and later H1N1 virus), where
protection was ameliorated in antibody-deficient mice but not in
CD8-deficient mice (33). On the other hand, Guo et al. found that
heterosubtypic immunity was strongly dependent on the presence
of CD8 cells in their experimental model in which passive serum
transfer was unable to confer protection (17). While keeping in
mind the contribution of influenza virus-specific cytotoxic CD8
cells during influenza virus rechallenge (19), we hypothesize that
cytotoxic CD8 cells may be dispensable in scenarios where the
antibody response meets certain levels of strength and specificity
and is able to limit the infection on its own. It is reasonable to
think that vaccines induce a less efficient antibody response com-
pared to a proper influenza virus infection, and this would explain
why vaccine-induced immunity relies more heavily on the cyto-
toxic response (13, 36).

Influenza virus infection induces the production of antibodies
against most of the 10 viral proteins (37); however, it is the subset
of neutralizing anti-HA antibodies that exerts the largest contri-
bution to block the virus entry to the cells. Due to the significant
antigenic dissimilarity between the HA protein from seasonal and
pandemic H1N1, the neutralizing antibodies induced by the sea-
sonal vaccination or prior infection are unable to accomplish their
mission against pdmH1N1 virus (22, 27). The HA2 region of the
HA protein possesses a relatively high degree of similarity among
different influenza virus strains, and this fact has caused an in-
creasing interest in HA2-based peptides for vaccine development
(42). However, anti-HA2 antibodies represent a relatively small
fraction of the neutralizing antibodies induced by seasonal vac-
cines (9). Moreover, a critical antigenic determinant on position
89 of the HA2 region from sH1N1 virus, which had been present
in the circulating influenza virus strains for decades, is no longer
present in pandemic H1N1 virus, and this has been suggested to be
one of the causes of the antigenic escape of the new variants (43).
Considering the results from these studies, it seems that the bio-
logical relevance of HA2-targeted antibodies in the context of a
heterologous infection or vaccination is still unclear, and this re-
quires further study. Other approaches toward the design of “uni-
versal influenza vaccines” that are effective against different influ-
enza virus subtypes are based on antigens derived from NP or M2e
(6, 11, 26). Unlike anti-HA neutralizing antibodies that act
through direct blockage of the virus, the anti-NP and anti-M2e
antibody-mediated heterosubtypic immunity requires FcRs that
are involved in phagocytosis and/or antibody-dependent cell-
mediated cytotoxicity (11, 25); therefore, it is likely that these
antibodies relying on a receptor-dependent pathway also play a
relevant role in the heterologous protection found in our experi-
mental model.

We have provided here solid experimental evidence of the pro-
tective immunity that sH1N1 virus induces against a later chal-
lenge with pdmH1N1 virus in both ferrets and mice. If humans

behave immunologically in a similar fashion, then prior infection
with seasonal H1N1 virus likely resulted in attenuated disease se-
verity. This may partially explain the modest number of severe
cases reported during the pandemic phase of the pdmH1N1 virus
outbreak. Our results favor an immunological model wherein B
cells generate cross-reactive non-HA and non-neutralizing anti-
bodies that confer protection against pdmH1N1 virus. We also
explored the role of seasonal vaccines in providing cross-
protection and, like other researchers, found that vaccination was
of little value.
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